Here we report on the exfoliation of graphene by using femtosecond pulsed laser with the highly oriented pyrolytic graphite (HOPG) immersed in water. The size of the graphene flakes was demonstrated to be well regulated by controlling the peak-power density of the femtosecond laser irradiation on the HOPG. The transmission electron microscopy (TEM) and Raman spectroscopy were used to identify the morphology and crystalline phase of the graphene. As an application, the few-layers-graphene absorber with a modulation depth of 0.5% was used in a passive Q-switched Nd: YVO 4 laser. A Q-switched nanosecond pulse train with the maximum pulse energy of 262.35 nJ and the narrowest pulse duration of 131.6 ns was obtained.
Introduction
Due to the unique chemical and physical features, graphene which is known as a kind of 2D material has been applied in many fields in past decades. All-optical modulators [1] , electro-optical modulators [2] , [3] , transistors [4] , photodetectors [5] , electromechanical resonators [6] , supercapacitors [7] , liquid crystal devices [8] , sensors [9] have been demonstrated successfully. Graphene based devices exhibit excellent performance in comparison with traditional devices. For instance, graphene materials prepared with the gas-based hydrazine reduction show a capacitance of 205 F/g and an energy density of 28.5 Wh/kg [10] . The field-effect-transistors made of graphene were demonstrated ultrafast photocurrent response up to 40 GHz [11] . In addition, graphene has the characteristic of optical saturation absorption (SA) like other materials, for example topological insulator [12] , black phosphorus [13] and MXene Ti 3 C 2 T x (T = F, O, or OH) [14] . The features of small wavelength dependence [15] , low saturation fluence [16] and ultrafast recovery time [17] make graphene an ideal candidate for serving as SA used in laser to produce ultrashort/short pulses and optical solitons [18] , [19] .
Several methods for fabrication of single/few-layer graphene have been proposed, such as mechanical exfoliation [20] , liquid-phase exfoliation [21] , chemical vapor deposition [22] , molecular beam epitaxy [23] . However, these methods have suffered from several disadvantages. For instance, mechanical exfoliation and liquid exfoliation are time consuming and low yield, while chemical vapor deposition and molecular beam epitaxy need high temperature and high vacuum conditions. Therefore, the production of graphene through a high-yield, time-saving, environmentally-friendly, and one-step method is expected.
Laser-exfoliation graphene provides a method to produce and pattern graphene films. Exfoliation of graphene by using nanosecond pulsed laser and continuous wave (CW) CO 2 laser have been reported [24] - [26] . Long pulse and CW laser-exfoliation formation is more likely to be caused by photothermal effects. Photothermal effect induces plenty of defects in the process of laser ablation [27] . Femtosecond pulsed laser has attracted considerable attention in the micro-nano processing for the characteristic of quasi-nonthermal processing [28] - [30] . The femtosecond laser exfoliation is therefore expected to show the capability for producing defects-free monolayer graphene. However, there are few reports on the femtosecond laser exfoliation. And the crystallinity and quality of the exfoliated graphene are not good enough. The exfoliation process is urgently necessary to be optimized. The behaviors and further applications of the femtosecond-laser-exfoliated graphene remain to be carefully studied.
In this work, graphene was demonstrated to be directly exfoliated from bulk HOPG by using femtosecond pulsed laser with a repetition rate of 100 kHz. The average size of the graphene flakes can be well regulated by controlling the peak intensity of the laser irradiation. Then the laser-exfoliated graphene was used as SA in a passive Q-switched laser. A Q-switched nanosecond pulse train was obtained with the maximum pulse energy of 262.35 nJ and the narrowest pulse duration of 131.6 ns.
Experimental Setup

Preparation and Characterization of Graphene
A bulk HOPG (5 × 5 × 1 mm 3 , Grade B, XFNANO, Inc) was immersed in the deionized water in a quartz vessel, which was fixed on the three-dimensional stages (ANT130, Aerotech). The schematic diagram is shown in Fig. 1 . The femtosecond pulsed laser (Pharos, Lightconversion) with pulse duration of 225 fs and wavelength of 1030 nm was utilized to irradiate the bulk HOPG at a frequency of 100 kHz and pulse energy of 8 μJ. A 20× objective lens was used to focus the laser on the HOPG sample with a radius of 1 μm. Accordingly, its peak power density is up to 1.132 × 10 15 W/cm 2 . The speed of the three-dimensional moving platform was fixed at 100 μm/s. Abundant up-floating flakes could be seen in the observation system during the laser irradiation, at the same time, the solution gradually changed into the grey color. After laser exfoliation, the supernatant was collected into a glass bottle and kept for 24 hours to obtain the few-layers graphene. Then the few-layers graphene solution was injected into a 0.5 mm thickness quartz cell which was coated to antireflective at 1064 nm. Finally, the quartz cell with laser-exfoliated graphene solution acted as a transmission-type absorber for the Q-switched laser operation.
The laser-exfoliated graphene solution was dropped on the monocrystalline silicon and characterized by Raman spectroscopy which excited by a 532 nm laser source. The spectrum was showed in Fig. 2(a) . Curve 1 shows the Raman spectrum of HOPG, which displayed a G-band at 1580 cm −1 and a broad doublet structure 2D-band at 2718 cm −1 , the D-band at about 1350 cm −1 are absent comparing to graphene, which has three peaks at 1347 cm −1 , 1587 cm −1 , 2700 cm −1 correspond to D-band, G-band, 2D-band, respectively. The G peak corresponds to the E 2g phonon at the Brillouin zone center, the D peak is due to the breathing modes of sp 2 rings and requires a defect for its activation by double resonance, the 2D peak is the second order of the D peak [31] . The Raman spectra of the graphene exfoliated by femtosecond laser with different peak power densities are shown as curve 2-curve 6 in Fig. 2(a) . Different from that of the HOPG, the D band at about 1350 cm −1 appears in the Raman spectrum of the laser-exfoliated graphene, moreover, the D-band and G-band are broadened, which indicate that the exfoliated graphene was in a few-layers form [32] .
The average size of the graphene flakes can be theoretically estimated by using the well-known Tuinstra-Koenig (T-K) equation L a = C(λ)/(I D /I G ) [33] , where I D and I G are the intensity of D band and G band, respectively. The C(λ) is a constant which is related to the excitation wavelength of Raman spectroscopy, in our case, C(λ) is ∼49.56Å [34] . The L a represents the average size of graphene. The red line in Fig. 2(b) shows the values of L a with varying peak power density of laser irradiation ranging from 0.1415 × 10 15 to 1.132 × 10 15 W/cm 2 . It can be obtained that the exfoliated graphene has a nanometer-scale size ranging from 47.6 nm to 7 nm. The average size decreases with the increase of peak power density. The inset in Fig. 2 (b) demonstrates the images of prepared graphene solutions and deionized water. The physical nature of the laser exfoliation can be concluded that the shock wave induced and propagated on HOPG interface overcome the van der Waals forces between adjacent graphene layers [35] . The van der Waals force is estimated to be only 2.6 × 10 −4 eV [36] which is much smaller than the C-C bond strength (3.7 eV). Therefore, the shock-wave induced at low peak power density is enough for the exfoliation. When the peak power density is further increased, surface ablation and intense shock wave will be triggered which will reduce crystallinity and fragment the exfoliated grapheme.
The transmission electron microscopy (TEM) was used to characterize the morphology and structure of the exfoliated graphene under peak power density of 0.1415 × 10 15 W/cm 2 , for which the graphene sheets are considered to be in the largest averaged size. Fig. 3(a) shows the image of two pieces of exfoliated graphene flakes which are respectively in the size of 760 × 480 nm 2 and 910 × 480 nm 2 with wrinkled morphologies. High-resolution TEM image presents a perfect crystalline structure of the graphene sheets as shown in Fig. 3(b) . A fast Fourier transformation (FFT) of region 1 in Fig. 3(b) results in a hexagonal pattern as shown in Fig. 3(c) , revealing the six-fold symmetry feature of graphene. The hexagonal arrangement of carbon rings can be identified from Fig. 3(d) , which is an enlarged view of region 2, and the d-spacing of the graphene is measured to be 2.472Å which is consistent with the value reported by S.Z. Mortazavi [26] .
Considering the characterization results above, we chose the graphene exfoliated at peak power density of 0.1415 × 10 15 W/cm 2 as the saturable absorber for its larger size. The linear transmission of the laser-exfoliated graphene solution at a wavelength ranging from 300 nm to 1100 nm was characterized by using a spectrophotometer. The result is depicted in Fig. 4(a) . It could be seen that the transmission of the graphene solution is about 88.5% at the laser wavelength of 1030 nm.
Furthermore, we investigated the nonlinear optical absorption property of the laser-exfoliated graphene solution. Balanced twin-detector measurement technique was adopted [37] . The inset in Fig. 4(b) shows the schematic diagram. The femtosecond pulsed laser with a repetition rate of 10 kHz, a central wavelength of 1030 nm and pulse duration of 225 fs was used as the laser source for the characterization. The laser beam was split into two arms with equal power by 50/50 beamsplitter. One arm was used for power-dependent transmission measurement of SA and the other one as a reference. The input power was controlled by variable optical attenuator. By continuously adjusting the incident power, the twin-detector power meter records the relationship between the output power and the input power. Consequently, the transmittance of graphene solution under different irradiation condition was obtained as shown in Fig. 4(b) .The experimental results were further fitted by the following formula [38] :
Where T(I) is the transmission, T is the modulation depth, I is the input intensity, I sat is the saturation intensity, and T ns is the non-saturable loss. Based on the fitting results, we can conclude that the modulation depth ( T), saturable intensity (I sat ), and non-saturable loss (T ns ) are 0.5%, 342.53 MW/cm 2 , and 10.95%, respectively. The above shows that the graphene exfoliation by femtosecond pulse laser is an easy-to-implement and environmentally-friendly approach to generate graphene. One-step fabrication process without high vacuum and high temperatures devices and additional chemical components is a prominent advantage. The fabrication process could be controllable by changing the laser properties and the irradiation conditions. Furthermore, the graphene exfoliated could put into application directly.
Passively Q-Switched Operation by Graphene
A linear cavity was used for investigating passively Q-switched solid-state laser with laser-exfoliated graphene solution as SA. The experimental setup is illustrated in Fig. 5 . A 12-W fiber-coupled laser diode (LD) with wavelength centered at 808 nm is used as the pump source. The core diameter and numerical aperture of the output fiber of the laser diode were 100 μm and 0.22, respectively. The pump laser was focused on the gain crystal with a focus diameter of 200 μm. A 3 × 3 × 5 mm 3 Nd: YVO 4 crystal with Nd 3+ concentration of 0.5% was employed as the gain medium. The side of the crystal towards the pump laser was antireflective at 808 nm and highly reflective at 1064 nm. The other side was antireflective both at 808 nm and 1064 nm. The Nd: YVO 4 crystal was wrapped with indium foil and mounted in a water-cooled copper block which was kept at the temperature of 20°C. The SA was inserted into the cavity close to the output coupler (OC). In order to avoid the thermal instability of graphene SA for high power density in the cavity, output coupler of T = 70% and T = 80% were adopted.
Experimental Results and Discussions
When the slant angle of graphene SA in the laser cavity was adjusted carefully and the pump power was increased gradually, the Q-switched laser operation could be setup. The average output power versus incident pump power (P in ) in Q-switched operation under output coupler of T = 70% and T = 80% are explored and described in Fig. 6(a) . The average output power almost linearly increases with the increase of incident pump power. The highest output power is 227.8 mW and 173.8 mW with output coupler of T = 70% and T = 80%, respectively. The relatively low output power is due to the high output coupling and high non-saturable loss of the graphene SA. The output pulse trains were recorded by an oscilloscope with 200 MHz bandwidth and a fast InGaAs photodetector with a rise time of 70 ps. The dependence of pulse duration and repetition rate on incident pump power for the output coupler of T = 70% and T = 80% are recorded in Fig. 6(b) . With the increase of incident pump power, the repetition rate elevates, whereas the pulse duration decreases. For the case of output coupler T = 70%, the threshold of incident pump power for the Q-switched operation is 5.94 W. With further increasing the incident pump power from 5.94 W to 8.57 W, the repetition rate quasi-linear increases from 277.8 kHz to 868.3 kHz, meanwhile, the pulse duration monotonously decreases from 346 ns to 131.6 ns. For the case of output coupler T = 80%, the threshold of incident pump power for the Q-switched operation is 6.34 W. With further increasing the incident pump power from 6.34 W to 8.57 W, the repetition rate increases from 281.9 kHz to 842.5 kHz, meanwhile, the pulse duration monotonously decreases from 413.5 ns to 185.2 ns. Therefore, we obtain that the shortest pulse duration for output coupler of T = 70% and T = 80% are 136.1 ns and 185.2 ns, respectively. The influence of incident pump power on the pulse train for output coupler of T = 70% and T = 80% can be also intuitively observed in Fig. 6 (c) and Fig. 6(d) . The insets in Fig. 6(c) and Fig. 6(d) show the temporal profile of the shortest pulse for output coupler of T = 70% and T = 80%, respectively. Note that, when the incident pump power is further increased to be above 8.57 W, the pulse train will become chaotic and irregular. The output power instability (rms) of the Q-switched laser is measured to be 3.5% for 12 hours. In the end, the maximum pulse energy of 262.35 nJ and the narrowest pulse duration of 131.6 ns was obtained. Table 1 summarizes the results obtained from passive Q-switched lasers based on graphene SA. Compared to other previously reported values, narrower pulse width was obtained with small modulation depth.
The output spectra of the Q-switched laser with graphene SA and the CW laser without graphene SA were shown in Fig. 7(a) and Fig. 7(b) . The output spectra were measured by a spectrograph with measuring accuracy of 0.02 nm. For the Q-switched laser with graphene SA, the central wavelength locates at 1064.41 nm with a bandwidth of 0.16 nm under the output coupler of T = 70% and the central wavelength locates at 1064.50 nm with a bandwidth of 0.20 nm under the output coupler of T = 80%. However, for the CW laser, the central wavelength locates at 1064.44 nm and 1064.52 nm with a bandwidth of 0.17 nm and 0.22 nm under the output coupler of T = 70% and T = 80%. The change of laser central wavelength and the bandwidth was considered to be influenced by the temperature of laser crystal. The inset shown in Fig. 7(a) is the beam profile, which was measured with a charge-coupled device (CCD) camera at the highest-power output of 227.8 mW, indicating 
Conclusion
In this paper, we fabricated the few-layers graphene by using the highly oriented pyrolytic graphite (HOPG) through the femtosecond laser exfoliation. The average size of the graphene flakes was proved to be able to be regulated by controlling the peak-power density of the femtosecond laser irradiation. The TEM and Raman characterization indicated that the exfoliated graphene had a good morphology and crystalline phase. The graphene exfoliated at peak power density of 0.1415 × 10 15 W/cm 2 was characterized to have a modulation depth of 0.5% for 1030 nm femtosecond laser. Furthermore, the graphene dispersed in the deionized water was applied in the passive Q-switched laser as the SA. A Q-switched nanosecond pulse train with the maximum pulse energy of 262.35 nJ and the narrowest pulse duration of 131.6 ns was obtained. Femtosecond laser exfoliation provides a flexible and powerful way for fabrication of graphene.
